The utilization of wireless technology in traditional medical services provides patients with enhanced mobility. This has a positive effect on the recovery speed of a person after major surgical procedures or prolonged illness. Ultrawideband (UWB) radio signals have inherent characteristics that make them highly suitable for less invasive medical applications. This paper surveys our own and related recent research on UWB technology for medical sensing and communications. Some research perspectives in the aforementioned topics are suggested too.
Introduction
In recent years there has been an increasing interest in using ultra wideband (UWB) technology for short-range wireless communication interfaces [1] . The IEEE 802. 15 .4a standard has adopted UWB as one of the interfaces for robust low-data-rate transmission in wireless personal networks (WPANs) with precision ranging capabilities [2] . UWB signals have an inherent noise-like behavior due to their extremely low maximum effective isotropically radiated power (EIRP) spectral density of −41.3 dBm/MHz. This makes them difficult to detect and robust against jamming, potentially rescinding the need for complex encryption algorithms in tiny transceivers. Owing to these characteristics, UWB has emerged as a solution for the radio communication interface in medical wireless body area networks (WBANs) [3] . Additionally, UWB signals do not cause significant interference to other systems operating in the vicinity and do not represent a threat to patients' safety [4] . Impulse radio (IR) transceivers have simple structure and very low power consumption, which facilitates their miniaturization [5] [6] [7] .
Another promising application of UWB as wireless communication interface is in capsule endoscopy. A capsule endoscope is a camera with the size and shape of a pill that is swallowed in order to visualize the gastrointestinal tract. They originally were devised to transmit still images of the digestive tract for subsequent diagnosis and detection of gastrointestinal diseases. Nevertheless, real-time video imaging of the digestive tract is feasible using an UWB radio interface [8, 9] . Although capsule endoscopy is an invasive technique, its use is significantly more comfortable to the patient than traditional endoscopy and colonoscopy. Capsule endoscopes have demonstrated the ability to detect diseases in the small intestine in cases in which other techniques cannot [10] [11] [12] .
Besides being used as wireless communication interface, UWB technology has many other possible applications in healthcare systems [13] . For instance, the IR-UWB radar has the potential to detect, noninvasively, tiny movements inside the human body [14] . Thereby, it is entirely possible to monitor cardiovascular physiological parameters using movement detection of the aorta [15] [16] [17] [18] or other parts of the arterial system. Such parameters include heart rate (HR), respiration motion, blood pressure (BP), and so forth. Due to the architecture of the UWB radar, it is feasible to use the same electronics for both radar sensing and IR-UWB communications [7] .
Imaging of surface and more deeply located structures such as breast tissue for cancer diagnosis is another promising application of UWB technology [19] [20] [21] [22] [23] [24] [25] . This has the potential of taking over the role of X-ray mammography. The great advantage of UWB is the absence of harmful effects due to long exposure to ionizing radiation. However, this application is not reviewed in here.
The rest of the paper is organized as follows. Section 2 describes the use of UWB as the communication interface for medical sensors in a WBAN. Section 3 is devoted to the use of UWB for capsule endoscopy. Section 4 surveys the research on UWB radar for medical sensing, particularly BP sensing. Finally, our conclusions are summarized in Section 5.
Wireless Body Area Networks
The integration of on-body medical sensors, in-body sensors, and UWB radars into a single network requires a carefully planned architecture in order to guarantee proper operation without mutual interference between the different devices. The Federal Communication Commission (FCC) has allocated the 3.1-10.6 GHz frequency band for UWB communications in the United States [26] . It is important to notice, however, that a large part of this spectrum is strictly regulated in Europe and might not be available for new UWB radio systems. According to the European regulations [27, 28] , only the 6-8.5 GHz part of the spectrum is readily available for UWB transmissions without the use of interference mitigation techniques. Transmissions in 3.4-4.2 GHz and 8.5-9 GHz are allowed for devices implementing the detect-and-avoid (DAA) interference mitigation technique. Beyond December 31, 2010, the 4.2-4.8 GHz portion of the spectrum can be used if both DAA and low-duty-cycle (LDC) transmissions are implemented. Below is a description of a viable communication configuration of WBAN using different portions of the UWB spectrum.
Communication Interface for Implanted Sensors.
Our research on UWB radio propagation inside the human body [29] revealed higher signal attenuation at higher frequencies. Since miniaturization and power consumption are the most important design constraints for in-body sensors, the signal attenuation through living tissues must be the minimal possible. Therefore, the 3.4-4.8 GHz frequency band is the most appropriate for these devices [30] . Although the regulations request the implementation of DAA and LDC in this portion of the spectrum, it is very unlikely that radio signals radiated from inside the human body at extremely low power can cause interference to other NB systems. In the case of full-duplex links, DAA and LDC can be implemented in the on-body transceiver where more complex circuitry can be afforded. We have developed UWB propagation models for the communication of implanted sensors. One of these models provides the mathematical expression for the attenuation of a UWB channel between 1 and 6 GHz in the chest [31] , as shown below
where d is the depth from the skin in millimeters (1 < d < 120) and N is a Gaussian-distributed random variable with zero mean μ = 0 and standard deviation σ = 7.84 that models the scattering around L [dB] (d). In the same vein, an expression for the attenuation in the abdomen is given in [32] as
where 1 < d < 150 mm. The values of μ(d) and σ(d) are found in [32] for different depths. The mathematical expressions of the statistical characterization for the channel impulse response (CIR) in both cases are provided in [31, 32] , respectively. These models facilitate the reproduction of distorted UWB pulses after propagating through human tissues, which is essential for the design and evaluation of implanted transceivers.
Communication Interface for On-Body Sensors.
Onbody medical sensors (motes) operate on or in very close proximity to the patient's skin (typically less than 2 centimeters). Typical data rate requirements for common onbody medical sensing devices are given in [3] ; electromyography (EMG) sensing is the most throughput-demanding application (up to 1500 kbps). However, it is important to note that continuous EMG monitoring is not necessary as is the case of electrocardiogram (ECG) and electroencephalogram (EEG) that require 10-100 kbps and 10-200 kbps, respectively. The IEEE 802.15.6 task group (http://www .ieee802.org/15/pub/TG6.html) has produced the first standard draft that details the characteristics of the UWB wireless interface for on-body sensors. IR-UWB on-body transceivers in the lower part of the UWB spectrum, that is, 3.4-4.8 GHz, are expected to be used. Experimental prototypes of these devices have already been developed [28, 33, 34] . On-body channels are more prone to experience fading and larger RMS delay spread than in-body channels [35] ; thus, IR-UWB on-body transceivers are expected to support low data rate only [36] .
Because of the complex geometry of the human body, it is likely that some on-body nodes require the relaying of their data when a single-hop link cannot be established because of extremely high signal attenuation. A relay node (RN) fulfils this task [28] , although it is possible to include relaying capabilities in each mote's transceiver to ensure the establishment of multihop links whenever is required. Moreover, an implanted sensor needs a RN to transmit their data to a network controller for processing and displaying. This special RN is referred to as gateway node (GN).
Network Controller and Patient
Monitor. The information collected by the low data rate sensors is gathered by a device known as body area network controller (BNC). The on-body sensors are connected to the BNC in a simple star network topology [37] using the IR-UWB 3.4-4.8 GHz onbody interface ( Figure 1 ). The BNC can be devised as a personal digital assistant (PDA) that executes a MAC protocol, for example, [38] , in order to ensure that all the sensors transmit their information in an organized and fair way.
For in-home healthcare, the BNC can display several basic vital signals such as temperature, heart rate (HR), blood pressure (BP), and oxygen saturation (SpO 2 ). However, for in-hospital healthcare and during surgery in an operating room (OR), a more powerful computer is necessary to display more complex signals such as ECG. This computer is referred to as patient monitor (PM) and is connected to the BNC through a high-data-rate UWB interface, namely, the ECMA-368 radio interface [39] . This interface, based on multiband orthogonal frequency division multiplexing (MB-OFDM), can support 480 Mbps within distances of up to 3 m and 110 Mbps up to 10 m. The link between the BNC and the PM can operate in the 6-7.25 GHz and 8.5-9 GHz, which roughly translates into subbands 7, 8, and 11, of the 14 subbands in which the UWB spectrum is divided according to the ECMA-368 standard. Other high-data-rate devices such as imaging medical radars can be connected to the PM using the same interface.
As seen, the BNC must support both IR-UWB in 3.4-4.8 GHz and ECMA-368 in 6-7.25 GHz and 8.5-9 GHz. Since DAA is required in 8.5-9 GHz, this part of the spectrum must be occupied mainly for temporary transmissions. The inherent capability for frequency agility of the ECMA-368 interface can be exploited to ensure the electromagnetic compatibility (EMC) of the WBAN with other electronic devices in the OR. The core of an OFDM transceiver is an inverse/direct fast Fourier transform (IFFT/FFT) engine. It has been demonstrated that the FFT engine can be effectively used as a spectrum analyzer with a frequency resolution of 4.125 MHz thereby facilitating the implementation of DAA algorithms [40, 41] . The architecture of a BNC with cognitive radio [42] capabilities for the BNC of a medical WBAN has been presented in [43] .
Capsule Endoscopy
Traditional medical practice for the diagnosis of patients with disorders such as anal bleeding, Crohn's disease, Celiac disease, and intestinal tumors relies on the insertion of flexible tubes containing cameras to examine hard-to-reach parts of the digestive tract. This technique, however, can examine the upper portion of the digestive tract only, while colonoscopes help to visualize the lower part (colon). There is a large portion (approx. 6 m) of the small intestine that cannot be inspected with these techniques. Capsule endoscopes help to fill this gap with significantly less discomfort for the patient.
State-of-the-art capsule endoscopes are swallowed with water, after which the patient puts a recorder belt on the waist. Some hours later (typically eight), medical staff look for abnormalities by reviewing a video created from the still images transmitted wirelessly from the capsule endoscope to the recorder belt. Adding the capability to transmit and analyze high-definition (HD) video in real time can provide further advantages to the medical staff for an accurate diagnosis. This additional capability, however, might increase the complexity of the circuitry and hence the power consumption of the capsule endoscope. The power consumption of a capsule endoscope must be as low as possible (in the order of 1 mW) with a mandatory small physical size (around 300 cubic millimeters). Transmitting real-time video requires a high-transmission-rate communication link, for example, 73.8 Mbps for uncompressed VGA data [37] . All these requirements are difficult to meet using narrowband (NB) systems that operate in the medical implant communication systems (MICS) frequency band of 401-406 MHz. In contrast, UWB technology has the potential to fulfill them all. In [9] we proposed the IR-UWB communication system for a capsule endoscope with high-data-rate capabilities. The UWB channel was characterized for the frequency range of 1-5 GHz using computer simulations. Nevertheless, we have recently developed a statistical UWB propagation model for capsule endoscope communications in 1-6 GHz [44] .
In-Body Communication System
Architecture. Due to the limitations at the in-body transmitter that include power consumption, size, system cost, and complexity, its communication architecture must be as simple as possible (Figure 2(a) ). A pulse generator provides the UWB pulse that is subsequently modulated, amplified, and transmitted. The shape of the transmitted pulse determines the signal bandwidth. We used the fifth derivative of a Gaussian pulse to cover a bandwidth of approximately 1-5 GHz. The power spectral density (PSD) of the transmitted pulse is shown in Figure 3 .
The generated data from the electrooptical circuitry of the capsule endoscope is directly modulated without further processing thereby simplifying the transmitter architecture. We considered the biphase pulse amplitude modulation (BPAM) scheme, in which the data bits are expressed by the polarity of the transmitted pulses. The resulting signal is then amplified and transmitted. The transmitter antenna must cover the entire frequency range with little pulse distortion. The design of a compact UWB antenna for the inbody transmitter is a challenging task, but some designs are available in the literature [45, 46] .
On-Body Communication System
Architecture. For the on-body receiver we proposed a novel architecture, which uses a single branch correlator (including a multiplier and an integrator) for recovering the transmitted signal. The block diagram of the receiver is depicted in Figure 2(b) .
The UWB antenna at the receiver can be placed on the skin or at some distance away. By placing the receiving antenna on the body surface, the nonradiative near-field components can be collected by the antenna thus improving the link quality significantly. We have found an improvement of 6 dB due to near-field coupling in UWB in-body links [47] . The practical implementation of the receiver antenna requires a special structure since it must cover a relatively wide body area (abdominal torso) [48] . Commonly, a spatial-diversity antenna array around the torso is embedded in a recorder belt, which is worn by the patient while the capsule endoscope operates.
The low-noise amplifier (LNA) increases the power of the received pulses to a suitable level for signal processing and to overcome noise in subsequent electronic stages. The data are subsequently recovered by the correlator. The correlation operation can be implemented in either analog or digital circuits. Using an all-digital receiver requires highly sophisticated receiver processors with an analog-to-digital converter (ADC) with sampling rate of 2 or 4 times that of the pulse bandwidth and resolution of 4-6 bits. A hybrid analog and digital receiver can reduce the system complexity and cost by decreasing the sampling rate and resolution of the ADC [49] . The correlator output is then sampled, and the ADC converts the analog-demodulated signal into digital form. The digital baseband circuitry provides control for the clock generation, synchronization, and data processing.
One might think that the receiver can take advantage of multipath signals by creating a bank of correlators (rake receiver structure). This idea has been applied to IR-UWB links in dispersive channels with large number of correlators and a more complicate system. However, the imperfect correlations resulting from distorted received pulses reduce the system performance. An optimal way to correct this problem is using a template-match detection technique that performs a matched filter operation with a series of template waveforms. However, the system complexity increases significantly, and channel estimation is required. Hence, we propose using a single branch correlator with an optimized predefined template that guarantees maximum energy recovery. The associated delay of the template is adjusted so that maximum correlator output at one branch is generated. The short rootmean-square (RMS) delay spread of in-body channels (in the order of 1 ns) [29] enables this simple architecture.
The design of the pre-defined template depends on the propagation channel characteristics. By multiple electromagnetic (EM) simulations of UWB signals propagating through the abdomen, the normalized average PSD of the "digestive" radio channel was obtained (see Figure 3) . The second derivative of a Gaussian pulse can approximate fairly well the PSD of the channel and therefore was chosen as the pre-defined template. It is important to mention, however, that this template pulse choice is optimal for the ideal case that we considered, that is, when the antenna effects are disregarded. Taking this into account, the antenna effects would have a considerable impact on the optimal template. In such case, the EM simulations must include the particular antenna specifications in order to select the most appropriate template for any other specific design.
Performance Evaluation.
The average bit-error-rate (BER) performance (averaged over 90 arbitrary channel realizations) for different templates in an additive white Gaussian noise environment is compared in Figure 4 . The worst performance is observed using the fifth derivative of the Gaussian pulse as template. The reduced BER performance reveals significant distortion of the transmitted pulse while propagating through the body tissues. The best BER performance is obtained for the second derivative, which collects more signal energy from the distorted pulses. For a typical BER of 10 −3 , a mismatch loss of 5 dB is observed with respect to the ideal case. Using the first and the third derivatives provides almost similar BER performance.
Ongoing Research.
We recently carried out an experiment that demonstrated the feasibility of transmitting highdata-rate video (H.264/1280 × 720 pixels at 30 frames/s) through the living tissues of a porcine surgical model. The in-body to on-body communication was done using an ECMA-368 link in 4.2-4.8 GHz. Proper video transmission at 80 Mbps was achieved at depths from the skin of up to 35 mm. Further improvement is expected using lower frequencies and an implantable antenna [46] . Moreover, if the data from the electrooptical circuitry of the capsule endoscope is properly encoded [50] , significant reduction of the required transmission rate can be obtained thereby improving the communication conditions. These speculations will be verified in future experiments.
One of our goals is the development of a full-duplex communication link for capsule endoscopy. This means integrating not only a transmitter but also a receiver (transceiver architecture) in the capsule endoscope. This will allow transmitting external commands (movement, optical focus on specific areas, etc.) to the capsule endoscope thereby adding more control and flexibility to the device. The same transceiver can be used to remotely control microrobotic multifunctional endoscopic devices, capable of performing several diagnostic and therapeutic operations such as biopsy, electrocautery, laser microsurgery, and so forth, with a retractable arm [51] .
Accurate tracking of the capsule is required for all the aforementioned applications. However, the tracking problem is rather complicate due to the highly nonhomogeneous structure of the human body. Nevertheless, our research has demonstrated that the use of multimodel (MM) target tracking methods can provide accuracy in-body tracking in the millimeter scale [52, 53] .
Medical Radar
Heart rate, respiration rate (RR), and heart movements recording have already been proved feasible using IR-UWB radar [54, 55] . Several other possible medical applications of UWB radar include ambulatory cardiac output monitoring, blood vessel movement recording, blood pressure celerity measurement, and shock diagnosis in emergency patients. Similar technology can obviously be applied to pneumology and polysomnography for apnoea monitoring in infants, obstructive sleep apnoea monitoring, allergy and asthma crisis monitoring, and so forth. The application of UWB radar in obstetrics as a replacement for ultrasound has also been proposed [14] , but this idea has been looked upon cautiously because of the great concern regarding radiofrequency (RF) safety for the newborn. Nevertheless, UWB radar can offer the medical staff and patients several advantages over ultrasound, such as noncontact operation, no need for cleaning after use, remote and continuous operation, lower cost, and easier operation.
Blood Pressure Measurement.
Noninvasive measurements of BP exist such as sphygmomanometer, photoplethysmograph [56] , tonography [57] , and pulse transit time [58] ; however, they all rely on peripheral measurement points. This may constitute a problem in certain situations such as when flow redistribution to central parts of the body (heavy injury, temperature) degrades these measurements; another situation where central measurements may prove advantageous is in the presence of strong movement of the peripheral locations, which affects pressure measurements [59] .
The use of radar techniques to measure BP may draw upon ideas from these fields, as well as from ground-penetrating radar (GPR), yet is different enough to merit a specific approach. In particular, the complexity of geometry and stronger attenuation are more significant in BP measurement compared with detection of breast cancer and HR and RR, which are essentially based on shallow reflections.
Estimating BP using radar techniques is necessarily indirect; pressure only affects propagation through the geometry and not material dielectric properties, contrarily to medical imaging using UWB radar for early breast cancer detection. The latter involves transmitting an extremely short pulse through the breast tissues and then recording the backscattered signal from different locations. The basis for detecting and locating a cancerous tumor is the different dielectric properties of healthy and malignant breast tissue. Healthy tissue is largely transparent to microwaves, whereas tumors, which contain more water and blood, scatter them back to the probing antenna array [22] . However, in the case of the aortic BP, two effects may relate aorta diameter (geometry) to its pressure:
(i) using the linear relationship between percentage changes in instantaneous BP and diameter, shown for carotid artery pressure in [60] ;
(ii) estimating the elasticity of the aorta (local compliance or incremental elastic modulus) and relating this to BP [58, 59, 61] without being explicit with respect to the functional relationship.
In both approaches, the radar-based method aims at detecting the aorta walls and estimates the diameter as a function of time.
From a medical point of view, central measurements are better than peripheral ones. Therefore, we pursued the measurement of BP through movement detection of the aorta. In order to understand the principles of using UWB radar to measure aorta diameter variations, a simple model was constructed for EM simulations [15] . Our model combines a voxel representation of the human body with the material dielectric properties proposed in [62] . It is based on a 2D simplified geometry: a cylinder of diameter d (representing the aorta) immersed in a lossy medium ( Figure 5 ). The lossy medium approximates average living tissue dielectric properties, except for the skin and aorta, the properties of which were taken from [62] . Further details of the model and the EM simulations can be found in [15] .
With diameter variations in the order of 2 mm, a set of simulations with aorta diameter ranging from 20 mm to 26 mm in steps of 0.4 mm were conducted in a simulation space with a resolution of 0.1 mm. The current source signal in the simulations was the seventh derivative of a Gaussian pulse with energy centered around 4.5 GHz. This relatively high-order derivative was used for compensating, to a certain extent, the frequency-dependant attenuation in the simulations.
The analysis of the resulting transfer function and the time-domain echoes led to the conclusion that the backscattered signal from the aorta contains necessary information for distinguishing front and rear walls of the aorta thereby making the estimation of its diameter feasible. However, due to strong attenuation in living tissues, feasibility is essentially hinged on a viable power budget. In the simulations, an upper bound on received power in the 0.8-5 GHz range shows a 40 dB loss at the lower end increasing to about 120 dB at the upper end where material loss is dominant.
There are several tradeoffs involved in achieving BP measurements with UWB radar: high-frequency content versus SNR at the receiver as tissues generally severely attenuate the signals; high-frequency versus resolution (and signal-to-clutter reduction) for the same reason. A criterion Journal of Electrical and Computer Engineering 7 for the best selection of bandwidth and center frequency was presented in [16, 17] . Even with a more realistic simulation scenario than that in Figure 5 , the feasibility of estimating the aorta radius with the use of UWB radar has been demonstrated [18] .
Another key issue that needs to be addressed is whether the use of an antenna array improve measurements, and if so, how much and in which way should this best be implemented. Potentially, the use of an array introduces spatial selectivity and may improve the signal-to-clutter ratio.
Our ongoing research toward the demonstration of BP measurements using UWB radar is focused on measurements with a phantom model that mimics a complex geometry for the estimation of the aorta diameter with sets of static measurements. This will allow for direct comparison between theoretic and practical results.
Conclusions
Ultra wideband technology has many potential applications in medicine for less invasive medical diagnosis and monitoring. The UWB radar can potentially be used in novel noninvasive sensing and imaging techniques owing to its high temporal resolution for detecting backscattered signals. We have described our current research on the application of this technology to noninvasive measurement of blood pressure.
The other application of UWB is as low-power wireless communication interface. Particularly, impulse radio seems to perfectly fit the communication requirements of tiny medical sensors, including in-body ones. Our research in this area was presented through the case study of a capsule endoscope system. Additionally, medical sensors and radars can be interconnected using UWB interfaces thereby enhancing the mobility of patients during surgery or intensive therapy. We described the integration architecture of all these systems into a single wireless body area network. One major issue to consider while interconnecting several medical devices using UWB radio interfaces is the possibility of mutual interference with other systems that already operate in the 3.1-10.6 GHz frequency band. Therefore, new interference avoidance techniques and frequency agility such as cognitive radio have to be investigated.
These two aspects of UWB (radar and wireless communi-cation interface) for medical applications are being investigated in Norway by the MELODY Project (http://www .melody-project.info/); MELODY stands for "medical sensing, localization, and communications using ultra wideband technology." The ultimate objective of this project is the improvement of current wireless health systems and the possible development of novel medical applications based on UWB technology.
